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Abstract
Dirac leptogenesis (or Dirac neutrinogenesis), in which neutrinos are purely Dirac particles,
is an interesting alternative to the standard leptogenesis scenario. In its supersymmetric version,
the modified form of the superpotential required for successful baryogenesis contributes new,
generically non-flavor-diagonal terms to the slepton and sneutrino mass matrices. In this work,
we examine how current experimental bounds on flavor-changing effects in the lepton sector
(and particularly the bound on µ → eγ) constrain Dirac leptogenesis and we find that it is
capable of succeeding with superpartner masses as low as ∼ 100 GeV. For such light scalars
and electroweakinos, upcoming experiments such as MEG are generically expected to observe
signals of lepton flavor violation.
1 Introduction
When singlet fermions are not present in a given theory, Dirac leptogenesis [1, 2], or Dirac
neutrinogenesis, represents a very interesting alternative to the traditional leptogenesis scenario,
which relies on the existence of heavy Majorana neutrinos. In Dirac leptogenesis, neutrinos are
purely Dirac particles whose small but nonzero masses appear as ratios of dimensionful parameters
in an effective field theory. It has been shown [3] that, in the context of split supersymmetry [4,
5], Dirac leptogenesis is a phenomenologically viable scenario capable of satisfying all relevant
constraints from cosmology and neutrino physics as well as reproducing the observed baryon-to-
photon ratio η of the universe. Split supersymmetry is advantageous primarily for two reasons.
The first of these is that very heavy gravitinos can easily evade the constraints that big bang
nucleosynthesis (BBN) places on the post-inflationary reheating temperature; the second is that in
Dirac leptogenesis the superpotential is extended by the addition of new terms carrying phases and
nontrivial flavor structure. Dangerous contributions from these terms to flavor-changing processes
are automatically safe in split supersymmetry, but must be treated with care when the scale of all
the superpartners is near the electroweak scale. In the latter case (assuming that the constraints for
1
gravitino cosmology are satisfied) it is necessary to compute carefully the rates for flavor-violating
processes in the lepton sector.
The aim of this paper is to ascertain whether or not Dirac Leptogenesis is permitted by flavor
violation constraints in supersymmetric theories with low-scale slepton masses. We will begin
our inquiry by briefly reviewing the theoretical framework of Dirac leptogenesis and deriving the
additional contributions to the slepton mass matrices to which its superpotential gives rise. We then
turn to the calculation of rates for the processes µ→ eγ and τ → µγ. Finally, we apply the combined
constraints from flavor violation and baryogenesis and assess the viability and predictability of Dirac
leptogenesis when superpartner masses are at or around the weak scale.
2 Dirac Leptogenesis and the Slepton Mass Matrices
In Dirac leptogenesis, as in the traditional leptogenesis picture [6, 7], the conditions for successful
baryogenesis [8] are met by positing the existence of a heavy particle with CP-violating decays into
leptons.1 The lepton number produced in these decays is then processed into a baryon number
for the universe by electroweak sphaleron processes [11]. In the supersymmetric version of Dirac
leptogenesis, all of this is engineered via a specific set of modifications to the superpotential and the
postulation of a few additional superfields. In addition to the matter fields of the MSSM, at least
two massive vector-like pairs of chiral superfields Φ and Φ are required, as are three generations
of right-handed neutrino superfield Na and an additional exotic superfield χ, whose function will
be to acquire a scalar VEV. An additional symmetry, whose breaking will be responsible for late
neutrino masses, is also imposed, and charges under it assigned so that the most general leptonic-
sector superpotential is
W ∋ λiαNαΦiHu + hiαLαΦiχ+MΦiΦiΦi + µHuHd. (1)
Here, λ and h are (generally complex) coupling matrices and MΦi are the masses of the heavy
vector-like pairs, which, in order for successful baryogenesis to occur, are generically required to
be 1010 GeV or larger.2 Once the heavy superfields Φi and Φi are integrated out, the resulting
effective superpotential
Weff ∋
λiαh
∗
iβ
MΦi
χLβHuNα + µHuHd (2)
will yield a small but nonzero Dirac mass term for the neutrinos, provided that some mechanism is
invoked to give the scalar component of χ a VEV. Since λ and h are complex, the decays of both the
scalar and fermionic components of Φ1 and Φ1, the lightest of the additional heavy superfields, will
in general be CP-violating3 and will result in two equal and opposite stores of lepton number, Lagg
and LR. The first of these is an aggregate lepton number stored in left-handed leptons, sleptons,
1For recent variations on both supersymmetric and non-supersymmetric scenarios, see for example [9, 10].
2In general MΦ, λ, and h are all complex matrices, but we can always choose to work in a basis where MΦ is
diagonal.
3It can be shown that there is at least one nontrivial CP-violating phase in λ and h.
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and other fields in equilibrium with them, and is transformed into baryon number by sphaleron
interactions. The second is stored only in right-handed neutrinos,4 which, being singlets under
SU(2)×U(1)Y , do not experience sphaleron effects and only couple to the other light matter fields
through the effective neutrino Yukawa interaction given by (2) with χ → 〈χ〉. This interaction is
suppressed by 〈χ〉/MΦ1 and therefore the time scale for the equilibration of left-handed and right-
handed stores of lepton number can be quite late. If the effective neutrino Yukawas are sufficiently
small,5 the equilibration time scale will be much longer than the time scale at which sphaleron
processes effectively shut off [1]. When this is the case, a net baryon number for the universe will
already have frozen in and will persist unaltered until present time.
In addition to providing a mechanism for baryogenesis, Dirac leptogenesis holds some interesting
implications for neutrino physics. Here, the squared neutrino masses are given by
|mν |2αβ =
(
v〈χ〉 sin β
)2 2 (or 3)∑
i,j=1
3∑
γ=1
λ∗iγλjγh
∗
iαhjβ
1
M∗ΦiMΦj
. (3)
In order to reproduce the observed mass splittings [12]
∆m221 =
(
7.9+0.6−0.6
)× 10−5eV2, |∆m231| = (2.2+0.7−0.5)× 10−3eV2, (4)
where ∆m2ij ≡ m2i − m2j , and the angles in the UMNS matrix, it is necessary to impose a few
conditions on the coupling matrices λ and h, which determine the matrix structure in (3). There
are several ways of doing this, but we will focus on one particular, theoretically-motivated scenario
called constrained hierarchical Dirac leptogenesis (CHDL) [3], which produces a normal hierarchy
among neutrino masses.
In CHDL, the appropriate matrix structure for λ, h, and the (diagonal) mass matrix MΦ is
obtained by requiring that λ and h both be antisymmetric with O(1) entries and by relating MΦ
to the fermion Yukawas through a flavor symmetry. This structure ensures that the neutrino
mass matrix one obtains after integrating out the heavy fields Φi and Φi corresponds to a normal
neutrino hierarchy, provided that there is a hierarchy among the mass eigenstates MΦ1 and MΦ2 .
Of course this coupling structure also impacts baryogenesis, but it has been shown that in CHDL,
the constraints from baryogenesis and neutrino physics can be satisfied simultaneously [3].
Baryogenesis and a small neutrino Dirac mass are not the only consequences of equation (1),
however. Assuming that at some high scale M all the soft supersymmetry breaking terms are
flavor diagonal and universal, the new terms of equation (1) will induce potentially off-diagonal
contributions to the slepton mass matrices m2LL, m
2
RR and m
2
LR. As in Majorana leptogenesis
some of these contributions come from running the scalar soft masses from some high scale M
(the Planck scale, the GUT scale, etc.) down to MΦ1 . Assuming the Universality condition at the
high scale and that all soft A-terms are equal to the relevant yukawa coupling multiplied by the
4We assume that right-handed sneutrinos couple strongly enough to other fields in the theory (e.g. with left-
handed sneutrinos in the event that χ has a large F-term VEV) to equilibrate with them and thus contribute to Lagg.
Otherwise they would contribute to LR.
5Recall that in this scenario small (Dirac) neutrino masses are obtained through small (effective) neutrino Yukawas.
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universal soft supersymmetric mass ms, one can simply estimate the flavor violating corrections
to the mass matrix by integrating the RGE equations iteratively [13, 14], and generally obtain
off-diagonal contributions to the slepton masses δm2LL and δm
2
LL:
δm2LL ≈ −
1
2π2
ln
(
M
MΦ1
)
h∗iαhiβm
2
s (5)
δm2RR ≈ −
1
2π2
ln
(
M
MΦ1
)
λ∗iαλiβm
2
s. (6)
If the F-term of χ acquires a VEV 〈Fχ〉 (a corollary in most mechanisms via which its scalar
component obtains a VEV), the effective theory superpotential yields yet another potentially off
diagonal scalar mass term
δm2LR = h
†
iαλiβ
〈Fχ〉
MΦ1
v sin β (7)
after electroweak symmetry breaking, which mixes left-handed and right-handed sneutrinos.
In CHDL, where we have a specific flavor structure for the matrices λ, h and MΦ, one has a
specific prediction for flavor mixing among sleptons once the electroweak and hidden symmetries
are broken. In order to examine the effect of these mixings, the full mass matrices for both the
charged sleptons and sneutrinos must be taken into account. For simplicity, we will continue to
assume that the leading soft breaking sector is flavor diagonal and universal with a common scalar
mass ms. The resulting additional contributions to the slepton mass squared matrices, given by
equations (5), (6), and (7), can thus be expressed in terms of the 3× 3 submatrices δm2LL, δm2RR,
and δm2LR as
δm2
ℓ˜±
=
(
δm2
LL
0
0 0
)
δm2ν˜ =

 δm2LL δm2LR
(δm2
LR
)† δm2
LL

. (8)
The only contribution to the charged slepton mass squared matrix comes from δm2LL, while the
sneutrino mass squared matrix receives not only additional flavor mixings among left-handed and
among right-handed sneutrinos, but also an effective A-term from δm2LR which intermixes left-
handed and right-handed sneutrinos.
Once the matrices λ and h have been fixed, up to an overall scaling parameter6 f , to give
the correct leptonic mixing matrix UMNS , the remaining free parameters of the model are 〈χ〉,
MΦi , and f . After the mass scale of the neutrinos is fixed, these parameters are not independent
anymore, and are related by the constraint embodied in equation (3). In CHDL, where the lightest
6In CHDL λ and h are antisymmetric, with O(1) entries up to an overall scaling parameter f
λ ≈ f

 0 1 1−1 0 a3
−1 −a3 0

 h ≈ f

 0 1 1−1 0 b3
−1 −b3 0

 , (9)
where the values of a3 and b3 depend on the hierarchy between MΦ1 and MΦ2 : when MΦ2/MΦ1 = mµ/me, b3 can
vary between 1.4 and 2.9, while a3 can vary between 35 and 90; when MΦ2/MΦ1 = 10, b3 can vary between 1.4 and
2.9, while a3 can vary between 1.5 and 4.5 [3]).
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neutrino is very light relative to the other two, the masses of the two heavier neutrinos are
m2ν2 ≈ ∆m221 =
(
7.9+0.6−0.6
)× 10−5eV2 (10)
m2ν3 ≈ ∆m231 =
(
2.2+0.7−0.5
)× 10−3eV2. (11)
Plugging in these values and using a3 = 4.5 and b3 = 2.2 (the values most advantageous for
baryogenesis with a chosen hierarchy MΦ2/MΦ1 = 10) in the CHDL parametrization (9) of λ and
h, we find that the relation between the parameters 〈χ〉, MΦi , and f , obtained from the neutrino
mass, is
f2〈χ〉
MΦ1
sin β = 1.009 × 10−13. (12)
Using this relation, we can express the overall dependence of the slepton mass terms in (5), (6),
and (7) on the relevant mass scales in the theory.
δm2LL ∝ f2 ∝
MΦ1
〈χ〉
δm2RR ∝ f2 ∝
MΦ1
〈χ〉
δm2LR ∝ f
2
MΦ1
∝ 1〈χ〉 .
(13)
Note that the proportionality constants for the bottom two equations are not dimensionless: the
ones associated with δm2LL and δm
2
RR each contain a factor of m
2
s and have mass dimension [m]
2,
while the one associated with δm2LR contains a factor of 〈Fχ〉v and has mass dimension [m]3.
3 Flavor Violation
The most stringent constraints on flavor violation in the lepton sector come from measurements
of the branching ratios for flavor-violating decays and conversions of heavy leptons, such as µ→ eγ,
τ → µγ, µ → eee and µA → eA. The current experimental limits on the 2-body decay processes
are [15]
BR(µ→ eγ) < 1.2× 10−11, (14)
BR(τ → µγ) < 1.1× 10−6. (15)
In the near future, the MEG experiment [16] is expected to improve the current experimental bound
on µ → eγ by several orders of magnitude, to O(10−13 − 10−14) or lower. Other related projects,
such as PRIME [17] (sensitive to µA→ eA conversion), are expected to go online over the next few
years. Projects have also been proposed [18] that would lower the bound from τ → µγ to O(10−9).
The effective interaction leading to lepton flavor violating decays of the form ℓi → ℓjγ, where
ℓi and ℓj are charged leptons, can be written as
I = iemℓj u¯i(q − p)σαβ qβ
(
ALPL +A
RPR
)
uj(p)ǫ
∗(q), (16)
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Figure 1: Feynman diagrams giving the two leading order contributions to the flavor-changing
process ℓ−i → ℓ−j γ due to sneutrino (left diagram) and charged slepton (right diagram) mass mixings.
where q and p are the momenta of the photon and the outgoing lepton ℓj respectively, and mℓj is
the outgoing lepton mass. The resulting decay rate is
Γ(l−j → l−i γ) =
e2
16π
m5lj(|AL|2 + |AR|2). (17)
The leading contributions to the amplitudes AL and AR appear at one loop level and are shown in
figure 1. They involve both a sneutrino (and chargino) mass eigenstate and charged slepton (and
neutralino) mass eigenstate running in the loop. These amplitudes have been computed in [13] for
a general MSSM scenario7 but for completeness we include them in Appendix A.
In order to proceed further, it will be necessary to make a few assumptions concerning the
supersymmetric model parameters. Those relevant to a discussion of lepton-sector flavor violation
include the gaugino masses M1 and M2, the Higgs mass parameter µ, the ratio of Higgs VEVs
tan β, and the soft masses for the sleptons. In our analysis, we choose the values M1 = 160 GeV,
M2 = 220 GeV, µ = 260 GeV, and tan β = 3, 10 and 30. As for the slepton soft masses we will,
as previously mentioned, assume a common scale ms and examine what effect varying ms has on
BR(µ→ eγ) and BR(τ → µγ). We will assume that the scale at which soft masses are universal is
M = 2× 1016 GeV, though the results are not particularly sensitive to this choice.
The results of our calculation are displayed in figure 2. In the left panel, we show exclusion
contours inMΦ1-〈χ〉 space for ms = 200 GeV. The areas below and to the right of the lower contour
(the white region) are excluded by the experimental bounds given in (14). We also include contours
demarcating the region wherein baryogenesis can succeed, which have been updated from [3] to
include the effects8 of processes second order in Φ1 and Φ1 (see Appendix B). Contours have also
been computed for τ → µγ, but the constraints they imply for the theory are far weaker than
those from µ→ eγ. In the right panel, we show how varying the universal scalar mass affects the
branching ratio for µ → eγ, which reaches a maximum when ms is around the weak scale. This
is to be expected: when ms is much larger than the weak scale both the slepton mass-squared
7In our case we need to add three right handed sneutrinos, but it is trivial to extend the result to include six
sneutrino mass eigenstates instead of three.
8We thank A. Strumia for pointing out to us the potential numerical importance of these thermalization processes
involving gauge interactions[19, 20].
6
1010 1011 1012 1013 1014 1015
MF1 HGeVL
10-1
100
101
102
103
104
105
106
<Χ> HGeVL
EXCLUDED
ALLOWED
FROM
LEPTOGENESIS
ALLOWED
FROM
LFV
Br HΜ -> eΓL = 1.2*10-11
= 1.5*10-13
ms = 200 GeV
200 400 600 800 1000
ms HGeVL
10-5
10-7
10-9
10-11
10-13
10-15
B
rH
Μ
-
>
e
Γ
L
< Χ > = 100 GeV MF1 = 10
11  GeV
EXCLUDED
tan Β=30
tan Β=10
tan Β=3
B
rH
Μ
-
>
e
Γ
L
Figure 2: Exclusion plots combining constraints from both leptogenesis and flavor violation in the
process µ → eγ. The left-hand panel shows exclusion contours in MΦ1-〈χ〉 space for a universal
scalar soft mass ms = 200 GeV, with tan β = 10; the right hand panel shows the variation of the
branching ratio BR(µ→ eγ) with respect to ms using tan β = 3, 10 and 30. In both plots, we have
taken M1 = 160 GeV, M2 = 220 GeV, and µ = 260 GeV. We have also assigned the χ superfield
an F-term VEV
√〈Fχ〉 = 107 GeV. Such a large VEV results in large trilinear couplings between
Higgs fields and sneutrinos and therefore induces potentially sizeable mixings between left-handed
and right-handed sneutrinos after electroweak symmetry breaking. In each plot, the thick solid
contours represent the current experimental bound on the branching fraction (14); the dashed lines
represent the expected future experimental bound of 1.5×10−13 from MEG. The thin solid contour
in the left-hand panel delimits the region allowed by leptogenesis constraints.
eigenvalues and the flavor-violating terms scale like m2s and the sneutrino and charged slepton
mixing matrices asymptote to a constant value, while the branching ratio is still suppressed by the
masses running in the loop; as ms decreases below the weak scale, δm
2
LL and δm
2
LL go to zero and
the slepton masses are dominated by flavor diagonal electroweak contributions. We also observe
that, as in the SUSY see-saw case [13, 14], the flavor violation rate is quite sensitive to tan β.
In interpreting the results in figure 2, it is useful to note that in the regions of the plot near the
exclusion contours (where the branching ratio for µ→ eγ is quite low), flavor-violating effects will
be small. It is therefore valid to use the mass-insertion approximation there and treat δm2LL (left),
δm2LR, and δm
2
RR as small corrections to the slepton propagators. Since the sneutrino propagator
can receive mass insertions from all three, we will focus our analysis on the partial amplitude
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from the sneutrino-mediated process (the left diagram in figure 1). In figure 3, we list the leading
contributions to this partial amplitude involving each of δm2LL (left diagram), δm
2
LR, and δm
2
RR.
Since there is no coupling between leptons and right-handed sneutrinos, corrections from δm2LR
and δm2RR only appear at second and third order in the mass insertion expansion, respectively.
Therefore, if there is no substantial hierarchy among these three sets of mixing terms, the primary
source of flavor-violation comes from mixings between left-handed sleptons. In the mass insertion
approximation, the branching ratio for such processes can naively be estimated as
BR(µ→ eγ) ∝ α
3
G2F
(δm2LL)
2
m8s
(18)
and therefore contours of branching ratio in the MΦ1 − 〈χ〉 plane correspond to contours of δm2LL.
According to equation (13), δm2LL = c1MΦ1/〈χ〉, where c1 is a dimensionless proportionality
constant with dimension [m]2, so the exclusion contour associated with left-left mixing takes the
form
lnMΦ = ln〈χ〉+ CLL, (19)
where CLL = − ln(δm2LL/c1). The oblique, upper exclusion contour in figure 2, which embodies
the constraint from left-left mixing, is associated with this linear equation.
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Figure 3: Feynman diagrams for the leading-order process involving δm2LL (left diagram), and
for the leading process involving δm2LR (right diagram), with sneutrinos running in the loop in
the mass-insertion approximation. Note that any process involving δm2LR necessarily involves two
mass insertions, and any one involving δm2RR (given by the diagram on the right with an additional
δm2RR insertion) necessarily involves three.
While some hierarchy among the mass insertion terms is necessary for δm2LR and δm
2
RR to be
relevant, there is no a priori reason why such a hierarchy should not exist. The δm2LR contribu-
tion (7) is proportional to 〈Fχ〉, which is essentially a free parameter. As mentioned above, 〈Fχ〉 is
not even relevant to Dirac leptogenesis per se, but appears as a common side-effect of mechanisms
for assigning the χ superfield a scalar VEV. Still, in many such mechanisms [21], the scale
√
〈F 〉
can potentially be quite large (106 GeV or higher), and if this is the case, contribution from δm2LR
could potentially be as important as those from δm2LL. Let us assume for a moment that this is
the case and examine the constraints related to δm2LR and δm
2
LR together. In regions of figure 2
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where 〈χ〉 is small, we now have
BR(µ→ eγ) ∝ α
3
G2Fm
8
S
(δm2LR)
4
m4ν˜R
= constant (20)
along any exclusion contour. Equation (13) tells us that,
δm2LR = c2
1
χ
, (21)
where c2 has mass dimension [m]
3. Therefore, when δm2RR ≪ m2ν˜R , the associated contour is given
by
ln〈χ〉 = CLR, (22)
where CLR = ln(c2/δm
2
LR). This equation explains the behavior of the contour in the left panel of
figure 2 when 〈χ〉 is small and the oblique bound from left-left mixing abruptly ells into a horizontal
line—the bound from left-right mixing. In general, the effect of increasing 〈Fχ〉 is to push this latter
bound upward, and for
√〈Fχ〉 & 109, the entirety of parameter space is excluded. The effect of
right-right mixing is higher order still and only becomes relevant in regions of parameter space
where MΦ1 is large and 〈χ〉 is small—regions already excluded by left-left mixing.
For the numerical analysis shown in Figure 2, we have taken
√〈Fχ〉 = 107 GeV which in some
parts of the 〈χ〉 −MΦ1 plane, induces substantial mixing between left-handed and right-handed
sneutrinos. Sizeable mixing of this sort opens the intriguing possibility that the lightest sneutrino
could be a legitimate dark matter candidate [22, 23, 24, 25] in Dirac leptogenesis, a possibility
which would be interesting to investigate in the future.
The primary message of figure 2 is that the combined constraints from leptogenesis and flavor
violation do not exclude Dirac leptogenesis in theories with low-scale sfermion masses. In general,
the latter set of constraints tend to rule out theories with exceptionally high masses for the decaying
particles Φ1 and Φ1 and exceptionally low values for 〈χ〉.9 Given current bounds on lepton flavor
violation, there is still a sizeable region of parameter space within which the scenario succeeds, even
when ms is as low as 100 GeV. It is of interest, however, that MEG and the next generation of
lepton flavor violation experiments will be able to probe the vast majority of this region, and the
data from these experiments will be crucial in determining the viability of Dirac leptogenesis with
weak-scale superpartners.
As was mentioned in section 2, some new symmetry must be posited in order to obtain late
neutrino mass generation. In Dirac leptogenesis, neutrino masses are the result of the scalar
component of the χ superfield acquiring a VEV which breaks this new symmetry, producing a
Goldstone boson or pseudo-Goldstone boson, depending on the nature of the symmetry. Constraints
on such bosons arise from both BBN and cosmic microwave background (CMB) considerations [26]
9Recall that the parameters 〈χ〉, MΦ1 and f enter in the effective neutrino Yukawa coupling given by 2, so when
one of them is increased, we have to appropriately tune the other two to maintain the neutrino Yukawas at a fixed
value. Such an adjustment, in turn, changes the different contributions from these parameters to off-diagonal entries
in the slepton mass matrices.
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as well as from the detection of abnormalities in the neutrino flux associated with supernova
events [27], and they can become problematic (depending on the mass of the Goldstone boson) when
the symmetry-breaking VEV is less than around 1 GeV. The value of 〈χ〉 required by leptogenesis
constraints is around 10 GeV, and thus the cosmological complications associated with breaking
the additional symmetry necessary for Dirac leptogenesis do not pose any problem for the theory.
4 Conclusion
It has already been shown [3] that Dirac leptogenesis stands as a phenomenologically viable
alternative to the standard leptogenesis picture. In theories with comparatively light scalars, how-
ever, flavor violation becomes a serious concern commonly solved by the Universality assumption.
The Dirac leptogenesis superpotential (1) gives rise to new mass terms for sneutrinos and charged
sleptons which induce mixings between flavor eigenstates after the breaking of both the electroweak
symmetry and the new symmetry responsible for late neutrino mass generation. Experimental limits
on flavor violation in heavy lepton decays such as µ→ eγ significantly constrain any theory which
permits slepton flavor mixing, and in Dirac leptogenesis these constraints translate into bounds on
the theory parameters MΦ1 (the mass of the heavy decaying particle) and 〈χ〉 (the VEV of the
exotic scalar field). Baryogenesis requirements also place significant constraints on both of these
parameters, and thus the question as to whether leptogenesis can be made to work at all when
scalar masses are light is a highly nontrivial one.
In this work, we have shown that even when the masses of supersymmetric scalars are small,
substantial regions of parameter space exist for which Dirac leptogenesis succeeds in producing a
realistic baryon asymmetry for the universe while respecting current bounds on flavor violation.
This is true even when the masses of supersymmetric particles are as low as∼ 100 GeV. Interestingly
enough, for such light fields, which presumably can be discovered at the LHC, it is generically
predicted that experiments such as MEG should have enough sensitivity to observe flavor changing
effects if Dirac leptogenesis is in fact responsible for the baryon asymmetry of the universe.
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A Effective Couplings
For completeness, we list here the results used in our analysis for lepton flavor violating
processes. The amplitudes AL and AR in equation (17) were computed in [13] and, with a trivial
extension to include three right-handed sneutrinos, are given by
AL = A(c),L +A(n),L and AR = A(c),R +A(n),R, (23)
where the individual amplitudes A(c),L, A(n),L, A(c),R, and A(n),R are
A(n)L =
1
32π2
4∑
A=1
6∑
X=1
1
m2
ℓ˜X
[
NLiAXN
L∗
jAX
1
6(1− xAX)4
×(1− 6xAX + 3x2AX + 2x3AX − 6x2AX lnxAX)
+NLiAXN
R∗
jAX
Mχ˜0A
mlj
1
(1− xAX)3 (1− x
2
AX + 2xAX lnxAX)
]
, (24)
A(c)L = − 1
32π2
2∑
A=1
6∑
X=1
1
m2ν˜X
[
CLiAXC
L∗
jAX
1
6(1 − xAX)4
×(2 + 3xAX − 6x2AX + x3AX + 6xAX lnxAX)
+CLiAXC
R∗
jAX
Mχ˜−A
mlj
1
(1 − xAX)3 (−3 + 4xAX − x
2
AX − 2 ln xAX)
]
, (25)
A(n,c)R = A(n,c)L|L↔R. (26)
Here, the indices A and X respectively label the gaugino (chargino or neutralino) and slepton
(sneutrino or charged slepton) mass eigenstates, xAX ≡ m2χA/m2φX , and C
L,R
iAX (N
L,R
iAX) denote the
effective couplings of charged lepton i to chargino (neutralino) A and sneutrino (charged slepton)
X. The flavor mixing terms in (??) enter into the overall rate (17) through CL,RiAX and N
L,R
iAX ,
which contain elements of the matrices Uν and Uℓ that diagonalize the mass-squared matrices
for sneutrinos and charged sleptons, respectively. The slepton masses also enter into the partial
amplitudes (24-26).
The effective couplings NL,RiAX and C
L,R
iAX are
NRiAX = −
g2√
2
(
[−(UN )A2 − (UN )A1 tan θW ]U ℓX,i +
mli
mW cos β
(UN )A3U
ℓ
X,i+3
)
,
NLiAX = −
g2√
2
(
mli
mW cos β
(UN )A3U
ℓ
x,i + 2(UN )A1 tan θWU
ℓ
X,i+3
)
,
CRiAX = −g2(OR)A1UνX,i, and
CLiAX = g2
mli√
2mW cos β
(OL)A2U
ν
X,i (27)
in terms of the chargino mixing matrices (OR)A,i and (OL)A,i the neutralino mixing matrix U
N
X,i,
and the sneutrino and charged slepton mixing matrices UνX,i and U
ℓ
X,i. The chargino mixings
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matrices are defined by the relation
Mdiagc = (OR)Mc(OL)
T , (28)
where
Mc =
(
0 X
XT 0
)
, where X =
(
M2
√
2MW cos β√
2MW sin β µ
)
(29)
and Mdiagc is diagonal. The sneutrino mixing matrix UνX,i and the charged slepton mixing matrix
U ℓX,i are defined by the relations
(m2
ℓ˜±
)diag = U ℓm2
ℓ˜±
U †ℓ , (m
2
ν˜±)
diag = U ℓm2ν˜U
†
ℓ , (30)
where the matrices m2
ℓ˜±
and m2ν˜ are given by the sum of the MSSM contribution and the respective
Dirac leptogenesis contributions in (8). The neutralino mixing matrix UN is defined by the relation
(mN˜ )
diag = UNmN˜U
†
N , (31)
where
mN˜ =


M1 0 −MZ sin θw cos β MZ sin θw sin β
0 M2 MZ cos θw cos β −MZ cos θw cosβ
−MZ sin θw cos β MZ cos θw cos β 0 −µ
MZ sin θw sin β −MZ cos θw sinβ −µ 0

 . (32)
B Boltzmann Equations Including Second Order Processes
In [3], we derived the system of Boltzmann equations for Dirac leptogenesis up to processes first
order in the heavy, decaying particles Φ1 and Φ1 and showed that the dynamics of these fields could
be expressed using only two equations: one for the lepton number LφΦ in the heavy field sector and
one for the abundance Y cφΦ of the scalar component φ1 of the Φ1 supermultiplet. Here, we improve
upon our previous calculations by including terms second order in φ1. These terms only appear in
the equation for the Y cφΦ abundance, which becomes
10
dY cφΦ
dz
= −γD
(
Y cφΦ
Y eqφΦ
− 1
)
+
1
2
γIDL
Lagg
Y eqφΦ
+
1
2
γIDR
LνR
Y eqφΦ
− γA
(
(Y cφΦ)
2
(Y eqφΦ)
2
− 1
)
, (33)
where LνR is the lepton number stored in sneutrinos, Lagg is the aggregate lepton number stored
in the other, interacting fields that carry lepton number, and all abundances are normalized with
10Since the dynamics of scalar and fermion fields in Φ1 and Φ1 are assumed to be the same, contributions of the
form φ˜1φ1 → ij can be incorporated into γA.
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respect to the entropy density s. The reaction densities γD, γ
ID
L , and γ
ID
R are given by
γD =
(
K1(z)
K2(z)
)
sY cφΦΓD (34)
γIDL =
1
7
neqφΦ
nγ
(
K1(z)
K2(z)
)
sY cφΦΓL (35)
γIDR =
neqφΦ
nγ
(
K1(z)
K2(z)
)
sY cφΦΓR, (36)
in terms of the Bessel functions K1(z) and K2(z), the photon number density nγ , and the rates
ΓD, ΓL, and ΓR, which respectively represent the total decal width of the scalar component field
φ1 and the individual decay widths for the processes φ→ ℓ˜χ and φ→ νcRH˜cu. The reaction density
γA, which is associated with second order processes of the form φ1φ1 → ij and φ˜1φ1 → ij, is given
by
γA =
T
64π4
∫ ∞
smin
s1/2K1
(√
s
T
)
σˆ(s), (37)
where T is temperature, s is the usual Mandelstam variable, and σˆ(s) is the total reduced cross
section for annihilations of φ1φ1 and φ1φ˜1 into light fields. This is defined by the formula
σˆ(s) =
1
8πs
∫ t+
t−
∑
i
|Mi(t)|2dt, (38)
where both t and s denote the Mandelstam variables. The limits of integration are given by
t± =M
2
Φ1
− s(1∓ r)/2, with r defined below.
In supersymmetric Dirac leptogenesis, the total reduced cross-section γA, including all relevant
decay processes, is
σˆtotSUSY =
1
16π
[
6g2Y g
2
2
((
−7 + 4
x
)
r +
(
8
x2
− 4
x
+ 9
)
ln
(
1 + r
1− r
))
+g42
((
32 +
66
x
)
r + 3
(
−16
x2
− 16
x
+ 9
)
ln
(
1 + r
1− r
))
+ g4Y
((
19− 36
x
)
r +
(
16
x2
− 8
x
+ 17
)
ln
(
1 + r
1− r
))]
, (39)
where x ≡ s/MΦ1 , r =
√
1− 4/x, and g2 and gY are the SU(2) and U(1)Y coupling constants.
The calculation can also be performed for the non-supersymmetric case, where the result is
σˆtotSM =
1
96π
[
g2Y g
2
2
((
36 +
144
x
)
r + 144
(
2
x2
+
1
x
)
ln
(
1 + r
1− r
))
+3g42
((
39 +
196
x
)
r − 144
(
2
x2
+
3
x
)
ln
(
1 + r
1− r
))
+ g4Y
((
53− 116
x
)
r −
(−96
x2
+
48
x
)
ln
(
1 + r
1− r
))]
. (40)
The effect of such second order annihilation processes on the parameter space of Dirac leptogenesis
is shown in figure 4, where, for comparison, we show two sets of leptogenesis exclusion contours:
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one representing no second-order processes and one representing annihilation in a supersymmetric
model. It is evident from this graph that second order processes do indeed lower the upper exclusion
contour, though the effect is not a dramatic one.
1010 1011 1012 1013 1014 1015
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100
101
102
103
104
105
106
<Χ> HGeVL
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LEPTOGENESIS
Figure 4: This figure illustrates the effect of second-order processes of the form φ1φ1 → ij and
φ˜1φ1 → ij on the exclusion contours from leptogenesis. Contours are displayed for the case without
annihilation (dashed line) and with annihilation (solid line).
References
[1] K. Dick, M. Lindner, M. Ratz and D. Wright, “Leptogenesis with Dirac Neutrinos,” Phys.
Rev. Lett. 84, 4039 (2000) [hep-ph/9907562].
[2] H. Murayama and A. Pierce, “Realistic Dirac Leptogenesis,” Phys. Rev. Lett. 89, 271601
(2002) [hep-ph/0206177].
[3] B. Thomas and M. Toharia, Phys. Rev. D 73, 063512 (2006) [arXiv:hep-ph/0511206].
[4] N. Arkani-Hamed and S. Dimopoulos, “Supersymmetric Unification without Low Energy
Supersymmetry and Signatures for Fine-tuning at the LHC,” JHEP 0506, 073 (2005)
[hep-th/0405159]; N. Arkani-Hamed, S. Dimopoulos, G. F. Giudice and A. Romanino, “Aspects
of Split Supersymmetry,” Nucl. Phys. B 709, 3 (2005) [hep-ph/0409232].
[5] G. F. Giudice and A. Romanino, “Split Supersymmetry,” Nucl. Phys. B 699, 65 (2004)
[Erratum-ibid. B 706, 65 (2005)] [hep-ph/0406088].
14
[6] M. Fukugita and T. Yanagida, “Baryogenesis without Grand Unification,” Phys. Lett. B 174,
45 (1986).
[7] M. A. Luty, “Baryogenesis via Leptogenesis,” Phys. Rev. D 45, 455 (1992).
[8] A. D. Sakharov, “Violation Of CP Invariance, C Asymmetry, and Baryon Asymmetry of the
Universe,” Pisma Zh. Eksp. Teor. Fiz. 5, 32 (1967) [JETP Lett. 5, 24 (1967 SOPUA,34,392-
393.1991 UFNAA,161,61-64.1991)].
[9] D. G. Cerdeno, A. Dedes and T. E. J. Underwood, “The minimal phantom sector of the
standard model: Higgs phenomenology and arXiv:hep-ph/0607157.
[10] S. Abel and V. Page, JHEP 0605, 024 (2006) [arXiv:hep-ph/0601149].
[11] G. ’t Hooft, “Computation of the Quantum Effects Due to a Four-Dimensional Pseudoparticle,”
Phys. Rev. D 14, 3432 (1976) [Erratum-ibid. D 18, 2199 (1978)].
[12] C. Hagedorn and W. Rodejohann, “Minimal Mass Matrices for Dirac Neutrinos,”
[hep-ph/0503143].
[13] J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, “Lepton-Flavor Violation via Right-Handed
Neutrino Yukawa Couplings in Phys. Rev. D 53, 2442 (1996) [arXiv:hep-ph/9510309].
[14] S. T. Petcov, W. Rodejohann, T. Shindou and Y. Takanishi, “The see-saw mechanism,
neutrino Yukawa couplings, LFV decays l(i) –¿ l(j) Nucl. Phys. B 739, 208 (2006)
[arXiv:hep-ph/0510404].
[15] S. Eidelman et al. [Particle Data Group], Phys. Lett. B 592, 1 (2004).
[16] MEG Collaboration: http://meg.psi.ch
[17] Y. Kuno, Nucl. Phys. Proc. Suppl. 149, 376 (2005).
[18] L. Calibbi, A. Faccia, A. Masiero and S. K. Vempati, arXiv:hep-ph/0605139.
[19] T. Hambye, M. Raidal and A. Strumia, Phys. Lett. B 632, 667 (2006) [arXiv:hep-ph/0510008].
[20] E. J. Chun and S. Scopel, Phys. Lett. B 636, 278 (2006) [arXiv:hep-ph/0510170].
[21] F. Borzumati and Y. Nomura, “Low-scale See-saw Mechanisms for Light Neutrinos,” Phys.
Rev. D 64, 053005 (2001) [hep-ph/0007018].
[22] L. J. Hall, T. Moroi and H. Murayama, “Sneutrino cold dark matter with lepton-number
violation,” Phys. Lett. B 424, 305 (1998) [arXiv:hep-ph/9712515].
[23] N. Arkani-Hamed, L. J. Hall, H. Murayama, D. R. Smith and N. Weiner, “Small
neutrino masses from supersymmetry breaking,” Phys. Rev. D 64, 115011 (2001)
[arXiv:hep-ph/0006312].
15
[24] D. Hooper, J. March-Russell and S. M. West, Phys. Lett. B 605, 228 (2005)
[arXiv:hep-ph/0410114].
[25] T. Asaka, K. Ishiwata and T. Moroi, Phys. Rev. D 73, 051301 (2006) [arXiv:hep-ph/0512118].
[26] L. J. Hall and S. J. Oliver, “Why are neutrinos light? An alternative,” Nucl. Phys. Proc.
Suppl. 137, 269 (2004) [arXiv:hep-ph/0409276].
[27] H. Goldberg, G. Perez and I. Sarcevic, “Mini Z’ burst from relic supernova neutrinos and late
neutrino masses,” arXiv:hep-ph/0505221.
16
